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E-mail address: myasui@sc.itc.keio.ac.jp (M. YasuiThe neurogenic gene Drosophila big brain (bib) has a high sequence homology to aquaporin-4. How-
ever, its cellular functions in Drosophila neurogenesis have remained elusive. Here we investigated
cell adhesion, and the ion and water permeability of Bib. The adhesive function was examined by a
cell aggregation assay using L cells. Bib-transfected L cells formed aggregated clusters, while con-
trol-L cells remained as a single cell suspension. Ion permeation was not conﬁrmed in L cells stably
expressing Bib. When expressed in COS7 cells, Bib exhibited limited water permeability. This newly
found cell adhesive function of Bib may be important for Drosophila neurogenesis.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Drosophila big brain (bib), one of the neurogenic genes, is ex-
pressed in all types of cells in the neuroectoderm and disappearing
in segregating neuroblasts [1]. Loss-of-function mutations in the
bib gene lead to neural hyperplasia and epidermal hypoplasia,
causing embryonic lethality [2,3]. However, the cellular functions
of Bib remain unknown.
Bib has hight homology to aquaporin-4 (AQP4), the major water
channel protein in the mammalian brain [4,5]. Unlike AQP4, Bib is
shown to function not as a water channel but as a non-selective
cation channel that is inhibited in response to tyrosine phosphor-
ylation signaling in the oocytes [6]. However, whether this signal-
ing pathway is activated during Drosophila neurogenesis is still
unclear.
AQP is a multi-function protein rather than a simple water-con-
ducting channel [7]. Hiroaki et al. reported the 2D-crystal structure
of AQP4, revealing speciﬁc homophilic interactions between AQP4
molecules through the extracellular loops in adjoining membranes
[8]. The key amino acid residues for these interactions are also con-
served in Bib, suggesting that Bib may function as an adhesive mol-
ecule like AQP4. Here, we have examined whether Bib has adhesive
properties as well as water permeability and ion permeability.chemical Societies. Published by E
).2. Materials and methods
2.1. Construction of expression vectors
cDNA for rat AQP4M23 was generously provided by Agre [9].
Drosophila bib cDNA (LD45157) was purchased from Drosophila
Genomics Resource Center, and human AQP4M23 was from TOY-
OBO (Osaka, Japan). cDNA of rat and human AQP4M23 or bib was
subcloned into pIRES2/EGFP vector.
2.2. Establishment of stably transfected cell lines
L cells were maintained in Dulbecco’s modiﬁed Eagle’s medium
supplemented with 10% fetal bovine serum, 1% penicillin/strepto-
mycin and grown at 37 C in 5% CO2. To prepare L cells stably
expressing Bib or AQP4, L cells were transfected with the bib or
rat AQP4 cDNA in pIRES2/EGFP vector and cultured for 2 days, then
grown in culture medium containing 500 lg/ml G418 [10].
2.3. Immunoﬂuorescence and conforcal microscopy
We generated a rabbit polyclonal antibody against a peptide
containing amino acids 672–701 at the Bib C terminus. The antise-
rum was afﬁnity-puriﬁed for use. Immunoﬂuorescence microscopy
of cultured cells was performed as previously described [11]. The
ﬁxed sample was incubated with the rabbit anti-Bib antibody
(1:20) and Hoechst (1:1000) for 1 h, followed by incubation withlsevier B.V. All rights reserved.
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LSM 510 meta confocal microscope.2.4. Biotinylation assay
Biotinylation assay was performed as described previously [12]
with minor modiﬁcations. Bib-L cells were incubated with 1.0
mg/ml Sulfo-NHS-SS-biotin (Pierce, Rockford, IL, USA) in modiﬁed
PBS, then lysed in modiﬁed RIPA buffer with protease inhibitor
cocktail. The lysate was centrifuged and the resulting supernatant
was incubatedwith 40 lL 50%Neutra Avidin agarose beads (Pierce).
The bound proteins were eluted with SDS sample buffer. The
amounts of the total and the biotinylated proteins were analyzed
by immunoblotting using anti-Bib antibody.2.5. Cell adhesion assay
The adhesive function was examined by cell aggregation mea-
surements as previously described [13]. Cells were suspended in
Hank’s balanced salt solution in the presence of 1 mM EDTA
(1  106 cells/ml), placed in 12-well plates pre-coated with BSA,
and rotated on a gyratory shaker at 37 C for the indicated periods
of time. Aggregation was stopped with the addition of 2% glutar-
aldehyde.
Mixing experiments were performed as described above [14]
with slight modiﬁcation. Non-transfected L cells were labeled with
DiI (Molecular Probes, Eugene, OR). Bib- or AQP4-L cells were
labeled with DiO (Molecular Probes). DiI- and DiO-labeled cells
were mixed at 1:1 to a ﬁnal concentration of 1.0  106 cells/ml.
Images of the labeled preparations were obtained with a ﬂuores-
cent microscope (Olympus IX71).Fig. 1. Bib is expressed at the plasma membrane of L cells. (A–C) L cells expressing Bib,
membrane of Bib-L cells. (D–F) L cells expressing AQP4, indicated by the expression of EG
F) Hoechst (blue). Bars indicate 10 lm. Insets show Bib-L cells and AQP4-L cells at lower
and the 2% of total cell extracts (right lane) were blotted and detected by anti-Bib antib2.6. Electrophysiology
Whole-cell patch-clamp recordings were made from Bib-L cells.
The whole-cell pipette solution contained 122.5 mM K gluconate,
17.5 mM KCl, 10 mM HEPES, 0.2 mM EGTA, 8 mM NaCl, 2 mM
Mg-ATP, and 0.3 mM Na3-GTP (pH 7.2). An EPC-9 ampliﬁer was
used to record and store the data with Pulse 8.53 software (HEKA
Electronik). Rectiﬁcation is deﬁned as the ratio of absolute current
at 130 mV and current at +30 mV.
2.7. Water permeability measurements
COS7 cells were transiently transfected with human AQP4M23
or bib cDNA constructs. The transfected COS7 cellswere loadedwith
calcein red by incubatingwithﬁnal 10 lMof calcein-acetoxymethyl
ester (calcein-AM) for 30 min. To measure osmotic water perme-
ability, the isotonic solution was exchanged to a hypotonic one
(50% isotonic solution). Calcein ﬂuorescencewas continuouslymea-
sured using an FV1000 Olympus laser-scanning microscope (LSM).
2.8. Statistical analysis
Data are presented as the means ± SEM. Statistical analysis was
done using Student’s t-test. A difference of p < 0.05 was considered
statistically signiﬁcant.
3. Results
3.1. Bib is expressed at the plasma membranes of L cells
We ﬁrst examined whether Bib was expressed at the plasma
membrane when stably expressed in L cells (Bib-L cells), since theindicated by the expression of EGFP (green). Bib (red) was observed at the plasma
FP (green). AQP4 (red) was localized to the plasma membrane of AQP4-L cells. (C and
magniﬁcation. (G) Biotinylation assays of Bib-L cells. The surface fraction (left lane)
ody.
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ing cellular functional assessments: cell adhesion, ion permeability,
and water permeability. Immunoreactivity of Bib was observed at
the periphery as well as in the cytoplasm of Bib-L cells (Fig. 1BFig. 2. Cell aggregation activity introduced by Bib expression. (A) The extent of aggreg
incubation (Nt) to the initial particle number (No). Bib-L cells (ﬁlled circles) and AQP4-L c
did not form any clusters. *P < 0.05 vs. control. (B) Representative data of cell aggregation
magniﬁcation of B1 and B3, respectively. Control-L cells remained as a single cell suspe
100 lm. These results are representative of three independent experiments using three
Fig. 3. Two-color ﬂuorescent cell aggregation assay of Bib- and AQP4-L cells. Control-L
(green). Untransfected cells were stained with DiI (red) (A, B and C). Cell suspension conta
cells after 60 min rotation. (A) Control-L cells were not aggregated when mixed with untra
cells. Bars, 100 lm. (D) The number of red cells and green cells in aggregates are shown. A
N.S., not signiﬁcant.and C). Immunoreactivity of AQP4 in stably transfected L cells
(AQP4-L cells) was also observed with a similar pattern to that of
Bib (Fig. 1E and F). The surface expression of Bib was further con-
ﬁrmed by a steady-state cell surface biotinylation assay (Fig. 1G).ation of cells is represented by the ratio of the total particle number at time t of
ells (ﬁlled squares) formed aggregated clusters, while control-L cells (ﬁlled triangle)
of Bib-L cells and control-L cells after 60 min rotation in A. B2 and B4 show higher
nsion (B1, 2), while Bib-L cells formed aggregated clusters (arrows in B3, 4). Bars,
independent clones.
cells (A), Bib-L cells (B) or AQP4-L cells (C) were independently stained with DiO
ining equal numbers of untransfected cells and control-L cells, Bib-L cells, or AQP4-L
nsfected cells. (B and C) Bib- and AQP4-L cells were aggregated with untransfected L
total 12 aggregates are counted (range 6–23 cells per aggregate). Shownmean ± S.D.
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To examinewhether Bib has adhesive properties, we employed a
cell aggregation assay [8,13]. Bib-L cells formed aggregated clusters
similar to those of AQP4-L cells, while control-L cells remained as a
single cell suspension (Fig. 2A, B1–B4). The tendency of aggregation
was observed after 15 min of rotation of the culture dishes, and the
Nt/Nos of both Bib- and AQP4-L cells were markedly reduced com-
pared with that of control-L cells after 60 min of rotation (Nt/No
ratio:control, 95.0 ± 2.23%; Bib, 65.1 ± 3.84%, AQP4, 72.9 ± 2.44%,
respectively).
Next, we examined whether the aggregation of Bib-L cells was
mediated by homophilic interactions of Bib proteins. First, con-
trol-L cells were labeled with DiO (green), and non-transfected L
cells were labeled with DiI (red); then equal numbers of DiO andFig. 4. Assessment of ion and water permeability of Bib. (A) Current responses were recor
relationship of current responses in the control- (open circles, n = 13) and Bib- (closed cir
+50 mV in each cell, and the values were then averaged for all cells. (C) The current rec
signiﬁcant. (D) Time course of ﬂuorescence intensity from calcein-loaded COS7 cells e
ﬂuorescence intensity increased signiﬁcantly in AQP4 expressing cells (blue line) compare
Bib expressing cells (orange line) and non-transfected cells (green line) (n > 3).DiI labeled cells were mixed. No mixed aggregation was observed
(Fig. 3A). Next, Bib-L cells (green) were mixed with non-transfected
L cells (red). DiO labeled Bib-L cells aggregated with DiI labeled
non-transfected L cells as well as Bib-L cells after 60 min incubation
(Fig. 3B). Similar mixed aggregation was observed when AQP4-L
cells (green) were mixed with non-transfected L cells (red)
(Fig. 3C). To quantify the results, we counted the numbers of red
and green cells in aggregates (12 aggregates from six different
dishes) (Fig. 3D). There were no signiﬁcant difference in both
AQP4-L cells mixed with non-transfected L cells (green, 14.0 ± 6.0/
cluater; red, 15.8 ± 8.3/cluster in 30 clusters) and Bib-L cells mixed
with non-transfected L cells (green, 10.4 ± 2.7/ cluster; red,
11.6 ± 5.6/cluster in 22 clusters). These data suggest that Bib has
cell adhesive functions that are mediated by both homophilic and
heterophilic interactions.ded at the membrane potentials between +50 and 150 mV. (B) The current-voltage
cles, n = 16) L cells. The current amplitudes were normalized to the value obtained at
tiﬁcation (I130mV/I+30mV) of the control cells and the Bib expressing cells. N.S., not
xpressing Bib or AQP4 in response to hypo-osmotic shock. The rate of change in
d with those of non-transfected cells (pink line). The rate was not different between
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cells
To assess possible ion permeability of Bib, we made whole-cell
patch-clamp recordings from Bib-L cells. First, we examined the
effect of Bib on the restingmembrane potential and found no differ-
ence between the two groups (control, 41.3 ± 4.5 mV; Bib,
44.8 ± 6.2 mV; P = 0.879) (Fig. 4A). Next, the current–voltage
(I–V) relationships were constructed from current responses re-
corded at the membrane potentials between +50 and 150 mV
(Fig. 4B). The I–V relationshipof currents inBib-L cells (closedcircles,
n = 16)was not signiﬁcantly different from that in the control-L cells
(open circles, n = 13). Furthermore, current rectiﬁcation (I130mV/
I+30mV) was not signiﬁcantly different (P = 0.414) between control-
L cells (0.982 ± 0.091) and Bib-L cells (1.10 ± 0.16) (Fig. 4C). Thus,
our results suggest that, contrary to the previous studies, Bib does
not reveal any ion permeability.
3.4. Bib is not permeated by water
To examine the water permeability of Bib, COS7 cells were
transiently transfected with bib or AQP4 cDNA. Calcein dye was
pre-loaded as previously described [15–17]. When the extracellu-
lar solution was changed from isotonic to hypotonic, the calcein
ﬂuorescence intensity decreased over time, reﬂecting the volume
increase of the cells. When compared, the ﬂuorescence intensity
decreased more rapidly in cells expressing AQP4 than in non-trans-
fected control cells (Fig. 4D). However, the rate of change in ﬂuo-
rescence intensity was not different between Bib expressing cells
and non-transfected cells.4. Discussion
We have found that expression of Bib in L cells induces cell
aggregation as does AQP4, suggesting that Bib has cell adhesive
functions. The adhesive properties of Bib may be required for
cell–cell interactions during Drosophila neurogenesis.
No increase in the water permeability of Bib was observed,
consistent with a previous report [6]. Although Bib has a high
sequence homology to AQP4, there are several structural differ-
ences between Bib and AQP4. First, Bib has a much longer C termi-
nus. Second, several amino acids are missing just before the second
NPA (asparagines-proline-alanine) motif of Bib. To examine the
function of these residues, we constructed several Bib mutants;
however, none of these showed any water permeability (not
shown). Taken together, we conclude that Bib does not function
as a water channel.
Using whole-cell patch-clamp recordings, we demonstrated
that Bib-L cells showed no difference in I–V relationship com-
pared with control-L cells. Furthermore, the rectiﬁcation of
current amplitudes was not signiﬁcantly different between the
two groups. Thus, we conclude that Bib does not have any ion
permeability. Yanochko and Yool reported that Bib expressed in
Xenopus oocytes is a monovalent cation channel modulated by
tyrosine kinase signaling [6] and that its conductance shows out-
ward current rectiﬁcation by extracellular divalent cations Ca2+
and Ba2+ [18]. We investigated current responses of Bib-L cells
in the presence of 10 lM lavendustin A, a tyrosine kinase inhibi-
tor. Neither proﬁle of the current–voltage relationship or current
rectiﬁcation was signiﬁcantly different between control-L cells
and Bib-L cells (Miwa and Yasui, unpublished data). These
discrepancies might be due to differences in the basal tyrosine-
phosphorylation level of Bib or in tyrosine kinase activities in
L cells. To clarify these issues, further examination may be nec-
essary.Expression of Bib in L cells resulted in cell aggregation. The
adhesive properties of AQPs have been shown in AQP4 and AQP0.
The double-layered AQP4 crystals interact through helical contacts
mediated by the short 310 helix including Pro139 in extracellular
loop C [8]. Bib has the proline residue corresponding to Pro139
in AQP4. We therefore reasoned that Bib might induce cell adhe-
sion by homophilic interactions through the proline residue. How-
ever, this was not the case since control-L cells and Bib-L cells were
mixed in the clusters. Moreover, the site directed mutation at the
Pro139 did not alter the cell adhesive properties of AQP4 (Tatsumi
and Yasui, unpublished data). Taken together, we consider that Bib
may interact with other membrane proteins or membrane lipids in
addition to Bib itself.
There is accumulating evidence that Bib may act in the signal
receiving cell to potentiate Notch–Delta binding or to potentiate
the signal generated by Notch–Delta binding [1,19]. Here we have
shown that Bib may function via cell–cell adhesion. It is intriguing
to test if cell adhesion mediated by Bib might modulate the inter-
action between Delta and Notch on the cell surface.
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